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ABSTRACT: Hydrated electrons are important in radiation chemistry and charge-
transfer reactions, with applications that include chemical damage of DNA, 
catalysis, and signaling. Conventionally, hydrated electrons are produced by pulsed 
radiolysis, sonolysis, two-ultraviolet-photon laser excitation of liquid water, or 
photodetachment of suitable electron donors. Here we report a method for the 
generation of hydrated electrons via single-visible-photon excitation of localized 
surface plasmon resonances (LSPRs) of supported sub-3 nm copper nanoparticles 
in contact with water. Only excitations at the LSPR maximum resulted in the 
formation of hydrated electrons, suggesting that plasmon excitation plays a crucial 
role in promoting electron transfer from the nanoparticle into the solution. The 
reactivity of the hydrated electrons was confirmed via proton reduction and 
concomitant H2 evolution in the presence of a Ru/ TiO2 catalyst. 
 
 
 
 
 
The nature of the hydrated electron is a long-standing scientific  
question.  The  first  evidence  of  hydrated electrons dates back to 
1808 when Humphry Davy observed 
 
a “beautiful metallic appearance” and “fine blue color” when 
potassium crystals were heated in the presence of ammonia 
vapor.1 More than a century later, this eff ect would become 
understood as evidence for solvated electrons. As early as 
1952, these species were suggested to be the primary 
radicals formed upon radiolysis of water,2 which was 
demonstrated exper-imentally a decade later.3 Questions 
regarding the detailed structure of the hydrated electron 
persist.4 The initial consensus was that the hydrated 
electron occupies a quasi-spherical cavity in liquid water,5,6 
i.e., a particle in a quasi-spherical solvent void, an idea 
contested by Larsen et al. in 2010.7 Their theoretical 
calculations suggested that a hydrated electron occupies a 
∼1 nm diameter region of enhanced water density. The 
structure of the hydrated electron remains a highly debated 
issue and has been the subject of recent review articles.4,8 
 
 
 
 
The interest in hydrated electrons is fueled by their potential 
applications. Electrons with kinetic energies in the 3−20 eV range 
can induce single- and double-strand breaking in DNA.9 Electrons 
with even lower energy (0.1−2.0 eV) can induce covalent bond 
cleavage in DNA,10−12 dissociative electron transfer to CCl4,13 
dechlorination of selected aliphatic and aromatic chlorides,14 as 
well as the reduction of ketones14 and molecular oxygen.15 This 
makes low-energy hydrated electrons attractive to the fields of 
medicinal therapy, catalysis, and signaling. However, the full 
exploitation of hydrated electrons in such applications demands 
more efficient approaches for their production, preferentially using 
visible or infrared light. 
 
Hydrated electrons are conventionally generated by pulsed 
radiolysis,16 sonolysis,17 two-ultraviolet-photon laser excita-
tion18 of liquid water, or photodetachment of suitable electron 
 
 
 
 
 
  
donors.19 Hydrated electrons are commonly detected with 
transient absorption spectroscopy (TAS)20−23 and X-ray 
photoelectron spectroscopy.24,25 Reports on hydrated 
electron formation using visible photon excitation are 
scarce. Recently, Naumann et al.14 reported an elegant way 
to produce hydrated electrons in a mixture containing a 
ruthenium-based photo-catalyst and ascorbate dianions 
from vitamin C using multiphoton excitation events 
employing light in the green range of the visible 
electromagnetic spectrum. However, to our knowledge, 
hydrated electron production by single-photon excitation in 
the visible wavelength range has not yet been reported. 
 
Hot carriers in plasmonic nanoparticles (NPs) can be 
generated both by direct excitation and, much more efficiently, 
by localized surface plasmon resonance (LSPR) excitation and 
decay.26 The energy of the resulting electron−hole pair is 
determined by the incoming photon energy, but the energy 
distribution depends on the excitation process. Plasmon decay 
results in higher-energy (hot) electrons and (cold) holes just 
below the Fermi energy, while direct excitation typically 
results in colder electrons and hotter holes.27 Both excitation 
mechanisms result in non-Fermi distributions of carriers that 
rapidly relax to a Fermi distribution predominantly through 
electron−electron scattering. The lifetimes of the hot carriers 
depend on their energy, ranging from ca. 1 ps for electrons 
∼0.5 eV above the Fermi energy to a few 100 fs for hot 
electrons with ∼3 eV of energy.28 For nanoscopic systems, 
such as the sub-3 nm Cu NPs described here, quantum size 
eff ects play an important role for the plasmon, limiting its 
collection efficiency (plasmonicity) as well as introducing a 
blue shift and a broadening with respect to the LSPR of larger 
NPs.29 Illumination around the plasmon energy at ∼400 nm 
will generate hot electrons both from plasmon decay 
(extending up to 3 eV above the Fermi energy) and from direct 
excitation of interband transitions extending to around 0.7 eV 
above the Fermi level.30 With a Cu work function of ∼4.5 eV 
and a solvated electron binding energy of ∼ .3 eV,18 eV, hot 
electrons with energies higher than ∼1.2 eV above the Fermi 
level could in principle transfer into a hydrated electron state. 
Such electrons are readily produced via LSPR excitation. The 
eff ectiveness of this process will be governed by the NP size 
as it defines light absorption efficiency, plasmon strength, and 
LSPR lifetime.31,32 
 
In this Letter, it is shown that hydrated electrons can be 
produced via visible light excitation of the LSPR in Cu NPs. 
Hydrated electrons were observed only upon excitation at the 
LSPR absorption maximum, confirming that only LSPR-
induced hot electrons possess sufficient energy to be ejected 
from the Cu NPs (Figure 1). The photoredox capabilities of the 
hydrated electrons were confirmed in a catalytic proton 
reduction reaction, leading to the evolution of molecular 
hydrogen on an adjacent Ru/TiO2 NP species. 
 
An aqueous suspension of Cu NPs was synthesized via 
chemical reduction of CuSO4 with ascorbate/ascorbic acid 
with 5% sodium ascorbate at pH 5−7 in the presence of 
polyethylenimine in a microfluidic reactor33 (see the 
Supporting Information (SI) for full experimental details). 
Polyethylenimine was selected because it is an eff ective 
capping agent for stabilizing Cu NPs in the metallic state 
while simultaneously restricting their growth.34 
 
The Cu NPs mean particle size was evaluated by dynamic 
light scattering (DLS) and estimated to be 2 nm (N ≈ 355 
atoms) (Figure S1). The Cu NPs were molecularly grafted 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic representation of hydrated electron formation 
due to localized surface plasmon excitation of copper NPs. 
Solvation and ejection of electrons only occur when the Cu NPs 
are excited at the LSPR maximum. 
 
 
onto TiO2 anatase with β-alanine and imaged by high-
resolution transmission electron microscopy (HRTEM) 
(Figure 2A). Representative phase contrast images of the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Characterization of Cu NPs used in this study. (A) 
Representative HRTEM micrograph of Cu NPs on TiO2 anatase; 
(B) UV−visible spectrum of Cu NPs after synthesis showing the 
characteristic plasmon resonance absorption; (C) resonant X-ray 
emission spectroscopy (RXES) map of the Cu NPs measured 
around the Cu K-edge; and (D) Kα-XES spectra for Cu NPs and a 
reference Cu metal foil extracted from RXES via a horizontal cut 
at an excitation energy of 9050 eV. 
 
 
sample (Figure S2) show copper particles, typically in the 3−4 
nm size range, supported on agglomerates of 2−3 nm TiO2 
particles. The inset FFTs represent the characteristic spacing 
and interplanar angles of the lattice fringes in the highlighted 
regions. The fast Fourier transfer (FFTs) from Figure S2A,B 
closely correspond to the [001] and [110] projections, 
respectively, of the cubic Cu2O structure. No good match 
 
 
  
was found in these regions corresponding to f.c.c. Cu, 
monoclinic CuO, or the rutile or anatase phases of TiO2. 
During sample preparation, the colloidal sample was deposited 
onto a holey carbon TEM grid and the solvent allowed to 
evaporate before insertion into the electron microscope. It is 
highly likely that during this aerobic transfer process the 
ultrasmall Cu NPs were oxidized to Cu2O. Assuming this to be 
the case and considering the expected volume expansion that 
occurs upon oxidation, the original size of the nonoxidized Cu 
crystallites was estimated to be 2−3 nm, which is consistent 
with the DLS analysis. 
 
The optical absorption spectrum (Figure 2B) from the 
colloidal Cu NPs has a clear peak centered at ∼395 nm 
(∼3.1 eV) that can be ascribed to the LSPR. The 
background signal relates to the absorption of 
polyethylenimine.35 The rather low intensity of the 
plasmon band is expected based on the quantum size 
eff ects that lead to the formation of discrete quantized 
energy states, in contrast to band formation in larger 
particles.32 
 
The oxidation state of the Cu NPs under aerobic conditions 
was assessed by resonant X-ray emission spectroscopy (RXES, 
Figure 2C) and compared with a copper foil standard. The 
RXES map was identical to that of the metallic foil (see SI 
Figure S3), suggesting that NPs have a metallic character. This 
is confirmed by analysis of the Kα-XES spectra (Figure 2D) 
extracted from a RXES map at a 9050 eV excitation energy 
and high-resolution X-ray absorption spectroscopy (HR-XAS) 
(Figures S3−S5), which shows no significant energy shift or 
broadening of the Kα emission peak and no significant 
variation in the HR-XAS inflection point. Note that a 0.13 eV 
spectral shift should be expected in the Kα emission profile if 
the sample were oxidized.36 It is worth emphasizing that 
RXES measurements were performed directly on the Cu NPs 2 
months after their synthesis, which confirms the eff ectiveness 
of the branched polyethylenimine ligands for stabilization and 
protection against oxidation. The findings were further 
substantiated by the absence of characteristic Raman peaks for 
Cu2O or CuO (Figure S6). Note that the lack of signal is not 
related to a low-concentration eff ect because peaks associated 
with the TiO2 anatase NPs that are present in a similar 
concentration are clearly detected by Raman spectros-copy 
(Figure S6). 
 
The formation of hydrated electrons was evaluated with 
ultrafast TAS. The excitation wavelength was varied across the 
Cu NPs LSPR, and the photoinduced changes were probed 
between 350 and 800 nm. In the case of NPs, the heating of the 
electron gas (LSPR excitation) leads to spectral broadening of 
the surface plasmon absorption,30,37,38 resulting in transient 
bleaching at the center of the plasmon band maximum and two 
positive absorption wings at lower and higher energies (known 
as “winglets”) in the diff erence spectrum.30,38,39 
 
Figure 3A shows the two-dimensional color map of the 
temporal evolution of the surface plasmon resonance of Cu 
excited at 398 nm, i.e., excitation at the maximum of the 
LSPR absorption band. The transient signal shows the 
expected “bleaching” of the LSPR absorption band and a 
winglet band (positive transient absorption signal) centered 
at 480 nm.30,38,39 The winglet band at higher energies (i.e., 
shorter wavelength) was not observable due to the limited 
wavelength range of the probe light. 
 
Analysis of the transient behavior of the winglet signal 
provides information about copper plasmonic relaxation 
dynamics (Figure 3B). The kinetic trace extracted at 500 nm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Ultrafast TAS analysis of Cu NPs. (A) Two-dimensional 
color map of the temporal evolution of the surface plasmon resonance 
of Cu excited at 398 nm; (B) kinetic trace extracted at 500 nm 
depicting the signal decay of positive absorption induced by plasmon 
excitation (“winglets”); (C) kinetic trace extracted at 700 nm depicting 
the signal ascribed to hydrated electrons, with black dashed line 
illustrating the time regime where prehydrated and hydrated electrons 
coexist; after 10 ps, the signal can be associated with only hydrated 
electrons; (D) normalized signal intensity at 690−710 nm as a function 
of excitation wavelength at two distinct times, namely, 0.5 
(prehydrated + hydrated electrons) and 100 ps (hydrated electrons 
only); and (E) laser power dependence of the hydrated electron and 
winglet signals (intensities extracted at 100 ps). 
 
 
(isolated winglet signal) was fitted with a rising component and 
three-exponential decay functions. The rising component was 
estimated to be around 400 fs, which is significantly longer 
than the instrumental resolution (∼150 fs) and consequently 
must be assigned to electron−electron scattering.28 In Fermi 
liquid theory, the lifetime of an excited electron is proportional 
to its energy relative to the Fermi level. Using the measured 
lifetime, one estimates that the hottest electrons have energies 
at least 0.7 eV above the Cu Fermi level.30 The kinetic trace 
was fitted with two major exponential decay curves with 
characteristic lifetimes of 4 and 45 ps and a smaller long-lived 
component (>2 ns). By comparison to published results,39 the 
fastest component was ascribed to electron−phonon scatter-
ing, while the 45 ps decay feature relates to phonon−phonon 
relaxation. The longest-lived component is a minor contribu-
tion and consequently is difficult to assign categorically, but we 
suspect that it is associated with phonon−solvent relaxation.39 
 
Careful analysis of the two-dimensional color map (Figure 3A) 
reveals a long-lived broad absorption signal starting at 600 
 
 
  
nm with a maximum at ∼700−720 nm, which cannot be 
assigned to any of the components from the Cu NPs. Similar 
transient signals have been observed upon excitation of the 
LSPR in Ag NPs40 and diff er only in their lifetimes. In the 
case of Ag, the signal was short-lived, decaying completely 
within 50−70 ps.41 The authors assigned it to solvated 
electrons on the metallic surface or prehydrated electrons 
because their lifetime was too short for the formation of fully 
hydrated electrons, which typically takes ∼10−11 s.4,16 
 
Analysis of the kinetic trace extracted at 700 nm revealed 
two distinct regions, namely, a fast-decaying component (ca. 3 
ps) accounting for roughly 70% of the signal and a long-lived 
component that barely decayed over the experimental delay 
line (ca. 5 ns). The faster component was assigned to 
prehydrated electrons on the Cu NP surface, while the long-
lived component was associated with hydrated electrons.21,41 
Note that hydrated electrons can survive up to hundreds of μs 
(in neutral water at low concentrations).16,42 
 
As discussed, only the hottest electrons, which are formed 
for resonant excitation of the LSPR, carry sufficient energy to 
transfer into a hydrated state. Consequently, one should expect 
a decrease in hydrated electron formation when the excitation 
wavelength is detuned from the Cu LSPR maximum. Figure 
3D shows the signal intensity in the 690−710 nm region as a 
function of excitation wavelength (390−450 nm) at two 
distinct times, namely, at 0.5 (prehydrated + hydrated 
electrons) and at 100 ps (hydrated electrons only). Indeed, 
once the excitation wavelength deviates from the LSPR 
maximum, the population of prehydrated and hydrated 
electrons rapidly decreases nearly to zero, confirming that only 
the peak of LSPR excitation in Cu NPs can yield electrons 
with sufficient energy to create hydrated electrons.26,27 
 
Further corroborating evidence that the hydrated electrons 
are due to the excitation of the Cu NPs LSPR and subsequent 
hot carrier generation can be found in the signal laser power 
dependence (Figure 3E). Quadratic behavior of the hydrated 
electron signal intensity versus the laser power is perceptible, 
which contrasts with the linear dependence for the winglet 
intensity versus the laser power. Superlinear power depend-
ences of rates and intensities are characteristic of plasmon-
induced hot carrier processes.43 The hot carrier distribution is 
strongly aff ected by electron−electron scattering, with an 
average energy that increases with incident power when the 
time interval between subsequent photons becomes smaller 
than the lifetimes of the hot carriers.28 
 
To explore the possible use of hydrated electrons in 
photocatalysis, we carried out the following experiment. 
Plasmonic hot electrons can be transferred to acceptors such as 
semiconductors.44 The ensemble plasmonic/semiconductor 
entity is characterized by an energy barrier (Schottky barrier), 
which can be accurately estimated. Thus, in order to inject 
electrons into the semiconductor conduction band, they must 
have a higher energy than the Schottky barrier height. The 
main limitation with this approach is that once the plasmonic 
nanostructure comes into contact with the surface of the 
semiconductor, band bending occurs. To prevent that from 
happening, one must keep the two structures physically 
separated in space but linked in some way so that one can 
minimize electron energy loss and promote electron transfer. 
 
Density functional theory (DFT) was used to estimate the 
minimum spatial distance required between Cu NPs and TiO2 
to avoid band bending. Figure 4A,B shows the changes in the 
total (DOS) and projected density of states (pDOS) as a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. DFT calculations of the total pDOS for Cu(111)| 
TiO2(100) anatase (A) of the intimate junction (top panel), the 
heterostructure with a fixed distance of 3.2 Å between the slabs 
(middle panel), and a fixed distance of 4.2 Å between the slabs 
(bottom panel) and (B) of the planar average electron density 
diff erence along the [001] direction (perpendicular to the 
surfaces) for the same three situations in (A), with the inset 
showing the atomic positions. 
 
 
function of the distance between the TiO2(100) and 
Cu(111) slabs. When the two the slabs are in direct contact, 
they form chemical bonds (see the optimized structure in 
the Figure 4B inset). A comparison between the total DOS 
of Cu(111)| TiO2(100) and the one projected on the TiO2 
and on Cu(111) shows that this interface has the profile of 
an ohmic contact with no Schottky barrier. This is also 
evident in Figure 4B, where the planar average electron 
density diff erence along the [001] direction (perpendicular 
to the surfaces) is presented. 
 
In contrast, when the Cu(111) and TiO2(001) surfaces are 
separated by 3.2 Å nm, a sizable Schottky barrier of 0.69 eV 
can be calculated from the pDOS. An even larger Schottky 
barrier of 0.88 eV is found for a longer separation of 4.2 Å, as 
shown in Figure 4A (lower panel). The larger separation 
reduces the interaction and hybridization between the donor 
and acceptor states and increases the Schottky barrier height, 
leading to a higher resistance for electron transfer. Addition-
ally, the results indicate that the valence charge density 
readjusts in the interface region and a dipole moment is 
generated to minimize the system energy from 6.0 to 10.5 Å. 
As the distance between the donor and acceptor states 
increases, a weaker dipole moment and stronger Schottky 
barrier height in the interface region are observed. 
 
Our DFT calculations estimated a 0.88 eV barrier if the two 
structures were kept apart by about 4.2 Å. Thus, the Cu NPs 
were molecularly linked to a TiO2 anatase semiconductor 
support via a nonconductive linker (β-alanine) by self-
assembly, as reported elsewhere.45 The molecular linker was 
chosen to create an optimal distance between the electron 
donor (Cu NPs) and acceptor (TiO2) sites of ca. 4−5 Å and 
preserve the Schottky barrier as estimated by DFT. 
 
Electron injection into the TiO2 conduction band was followed 
by ultrafast transient infrared absorption spectroscopy (TIRAS).46 
Electron injection into a semiconductor results in mid-IR 
absorption originating from the free charge carriers in the 
conduction band. Figure 5A shows a kinetic trace extracted 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Electron transfer dynamics and photocatalysis. (A) Ultrafast transient infrared absorption spectroscopy (TIRAS) kinetic traces 
associated with electron injection into the TiO2 conduction band after plasmon excitation at 405 nm; (B) hydrogen evolution profile as a 
function of reaction time upon CW laser excitation at 405 nm for the complete photosystem (Cu NPs linked with β-alanine to TiO2 with Ru 
NPs co-catalyst); and (C) methylene blue photo-oxidation conversion profile reaction time upon CW laser excitation at 405 nm. (red trace) 
Cu NPs linked with β-alanine to TiO2 with Ru NPs and (black trace) blank experiment with all components present except Cu NPs. 
 
 
at 1950 cm−1 from the injected electrons. A significantly 
larger signal and faster injection were observed when β-
alanine was replaced by p-aminobenzoic acid (Figure 
S8A), a conductive molecular linker with similar length. 
 
The injected electrons are rather longed-lived, with a 30− 
40% fraction surviving more than 3 ns, which makes them 
suitable for photocatalysis. As a suitable photocatalytic test 
reaction, we chose to investigate H2 evolution. To increase 
the H2 evolution rate, ruthenium NPs were deposited onto 
TiO2 to act as a co-catalyst. Figure S9 shows HAADF 
images of the Ru spatial and size distribution on the TiO2 
support.45 TIRAS measurements confirmed fast transfer of 
the injected electrons into Ru NPs (Figure S8B). 
 
H2 evolution from Ru NPs and methylene blue oxidation on 
Cu NPs are shown in Figure 5B,C, respectively. Starting with 
H2 evolution, it is clear from the data in Figure 5B that the 
injected hydrated electrons are indeed able to catalyze proton 
reduction on the Ru NPs. Note that reaction with the same 
Ru/TiO2 system in the absence of Cu NPs did not yield any 
hydrogen as expected. Considering that the free electron 
density in Cu is 8.47 × 1028 m−3 and assuming an average 
particle size of 3 nm, there are ca. 4.0 × 1017 electrons per mL 
available to react. The steady-state hydrogen production rate 
(ca. 5 nmol H2 per min per gram of catalyst) requires ca. 6.0 × 
1015 electrons/min, which would exhaust the accessible 
electrons in less than 20 min. To prevent this from happening, 
methylene blue was introduced. Methylene blue oxidation is a 
one-electron process with a rather low redox potential, (i.e., a 
photo-oxidation process with a high rate of reaction). 
Additionally, methylene blue depletion can be dynamically 
monitored using UV−vis spectroscopy. Figure 5C shows that 
indeed the holes left behind in the Cu NPs can be refilled 
through methylene blue oxidation, prolonging the H2 evolution 
beyond 20 min. Note that the use of very small (sub-3 nm) Cu 
NPs, while challenging due to their notorious instability in 
aqueous media and aerobic conditions,47 guarantees a high 
reaction rate in methylene blue oxidation (i.e., allowing 
eff ective refilling of the photogenerated hole) due to their large 
surface area. This is corroborated by the fact that once the one 
electron oxidation substrate is nearly depleted the system starts 
to deactivate because the subsequent reactions are more 
difficult to carry out due to the energetics involved. 
 
In summary, we have shown that LSPR excitation and hot 
carrier generation in Cu NPs in contact with water can result in 
the efficient production of hydrated electrons. Some of the 
electrons possess an energy of at least 0.88 eV, as confirmed 
by theoretical prediction and experimental observations, 
making them highly reactive. We show that the hydrated 
electrons can catalyze proton reduction to molecular hydrogen 
by trans-ferring them into an adjacent catalyst (TiO2 with Ru 
NPs) via a suitable linker molecule. Our studies suggest that 
hydrated electrons may be of significant use as intermediate 
acceptors in plasmon-enhanced photocatalysis and potentially 
in DNA covalent bond disruption based on their high energy. 
The small size of the Cu NPs might facilitate their uptake by 
cells, which could off er possibilities for novel nanoscale 
therapeutic applications. ■ ASSOCIATED CONTENT 
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